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Abstract. A climatology of particle scattering properties in
the wintertime High Arctic troposphere, including vertical
distributions and effective radii, is presented. The measure-
ments were obtained using a lidar and cloud radar located
at Eureka, Nunavut Territory (80◦N, 86◦W). Four different
particle groupings are considered: boundary-layer ice crys-
tals, ice clouds, mixed-phase clouds, and aerosols. Two-
dimensional histograms of occurrence probabilities against
depolarization, radar/lidar colour ratio and height are given.
Colour ratios are related to particle minimum dimensions
(i.e., widths rather than lengths) using a Mie scattering
model. Ice cloud crystals have effective radii spanning 25–
220µm, with larger particles observed at lower altitudes. To-
pographic blowing snow residuals in the boundary layer have
the smallest crystals at 15–70µm. Mixed-phase clouds have
water droplets and ice crystal precipitation in the 5–40µm
and 40–220µm ranges, respectively. Ice cloud crystals have
depolarization decreasing with height. The depolarization
trend is associated with the large ice crystal sub-population.
Small crystals depolarize more than large ones in ice clouds
at a given altitude, and show constant modal depolarization
with height. Ice clouds in the mid-troposphere are some-
times observed to precipitate to the ground. Water clouds
are constrained to the lower troposphere (0.5–3.5km alti-
tude). Aerosols are most abundant near the ground and are
frequently mixed with the other particle types. The data are
used to construct a classiﬁcation chart for particle scattering
in wintertime Arctic conditions.
Correspondence to: T. J. Duck
(tom.duck@dal.ca)
1 Introduction
The climate of the Arctic troposphere is known to be sen-
sitive to change (Serreze et al., 2009), but a detailed under-
standing of infrared radiative transfer central to the problem
remains limited by the availability of suitable measurements.
Experimental progress has historically been impeded by ac-
cessibilitybarrierstotheremoteNorthandtheharshenviron-
mental conditions. This is particularly true for the High Arc-
tic during winter, when 24h darkness leads to mean surface
temperatures in the vicinity of −40◦C (Lesins et al., 2009b).
Passive satellite sensors also encounter difﬁculties owing to
the unique radiative character of the polar regions (Curry et
al., 1996), and so the environmental impediments must be
overcome if all of the observational gaps are to be ﬁlled.
An experimental effort to provide comprehensive year-
round measurements in the High Arctic has been under-
taken by the Canadian Network for the Detection of Atmo-
spheric Change (CANDAC), who established the Polar En-
vironment Atmospheric Research Laboratory (PEARL) at
Eureka, Nunavut Territory (80◦N, 86◦W) in collaboration
with Environment Canada (EC). The site is co-located with
the Eureka Weather Station on the coast of Ellesmere Is-
land (Fig. 1), and is the most northern permanent civilian
research facility in Canada. A suite of remote-sensing and in-
situ instruments was installed by CANDAC and the National
Oceanic and Atmospheric Association (NOAA) Study of En-
vironmental Arctic Change (SEARCH) programme. Mea-
surements are being collected on an ongoing basis, and span
from the surface to 100km in altitude. Several different in-
struments can characterize tropospheric particles, which are
known to play a key role in the Arctic radiative exchange
(Curry et al., 1993).
We present a climatology of tropospheric particle scat-
tering properties obtained with a lidar and cloud radar at
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Fig. 1. Polar map of the Arctic. The location of Eureka (80◦N,
86◦W) is marked with a red dot.
PEARL during the three complete and consecutive winters
between 2005 and 2008. March is included as a wintertime
month because it is similar climatologically to December
through February at Eureka (Lesins et al., 2009a). The lidar
and radar are operated continuously, and the data coverage is
reasonably uniform across the period of interest.
The measurements provide information on particle verti-
cal distributions and sizes that was previously lacking for the
winter months. Four different categories of particles are con-
sidered: boundary-layer ice crystals, ice clouds, mixed-phase
clouds, andaerosols. Eachofthesecanbeexpectedtoimpact
radiative transfer and wintertime climate.
Early studies proposed a role in the radiative exchange for
“diamond dust” ice crystals that nucleate in the very cold
conditions found at high latitudes during winter (e.g., Curry,
1983), but subsequent measurements indicated they have a
negligible impact (Intrieri and Shupe, 2004). Ice precipi-
tation from thin water clouds can be mistaken for diamond
dust (Intrieri and Shupe, 2004), as can residual blowing
snow lofted from mountainous terrain (Lesins et al., 2009a).
Clouds in general play a major role in the radiative trans-
fer (Curry et al., 1996). Aerosols, on the other hand, have a
small impact on scattering and visibility (Hoff, 1988; Triv-
ett et al., 1988; Leaitch et al., 1989), but may promote de-
hydration and so play a key role in the radiative exchange
nonetheless (Blanchet and Girard, 1995).
Several Arctic campaigns have been conducted to mea-
sure particle optical, macro- and microphysical characteris-
tics: the Canadian Arctic Haze Study and Arctic Gas and Air
Sampling Program (AGASP; see Leaitch et al., 1989 and ref-
erences therein), the FIRE Arctic Clouds Experiment (FIRE-
ACE; Curry et al., 2000), the Surface Heat Budget of the
Arctic Ocean campaign (SHEBA; Uttal et al., 2002), and the
Mixed-Phase Arctic Cloud Experiment (MPACE; Verlinde et
al., 2007). Such activities are most often conducted during
the spring and summer and are typically of short duration,
rarely longer than a few months to a year. Multi-year statisti-
cal data sets are needed, particularly for particle sizes, shapes
and phases, which are directly related to radiative proper-
ties (Curry et al., 2000). Of the aircraft campaigns listed
above, not one was conducted during the winter months. The
SHEBA experiment stands out from previous studies in that
it collected a year of data from a ship frozen into the Arctic
Ocean. Year-round remote sensing measurements from the
North Slope of Alaska – Adjacent Arctic Ocean (NSA-AAO)
site near Barrow, Alaska (71.3◦N, 156.6◦W) have also been
used to investigate particles (Zhao and Garrett, 2008). The
PEARL experiment was designed to build upon these earlier
activities, and provides an opportunity to obtain comprehen-
sive long-term data sets in the High Arctic.
This paper is structured as follows. Section 2 describes the
active remote sensors used: a High Spectral Resolution Lidar
and a Millimeter-wave Cloud Radar. Section 3 explains the
categorization process and describes the lidar-radar colour
ratio and its conversion to particle effective radius using Mie
theory. Results are presented in Sect. 4, and then discussed
in Sect. 5. Distributions of particle sizes, altitude ranges,
and depolarization values are reviewed and compared with
other measurements. Of particular interest will be Table 4,
which summarizes the observed scattering properties of ice,
water and aerosol particles, and their vertical distributions.
Section 6 reviews the results and discusses future research
possibilities.
2 Instrumentation
2.1 The Zero-altitude PEARL Auxiliary Laboratory
The measurements were obtained at the Zero-altitude
PEARL Axillary Laboratory (ØPAL), which is co-located
with the Eureka Weather Station at 10m elevation above sea
level. ØPAL is one of three PEARL facilities, which include
the PEARL Ridge Laboratory and the Surface and Atmo-
spheric Flux, Irradiance and Radiation Extension (SAFIRE).
Table 1 lists the ØPAL instruments and their respective capa-
bilities.
Figure 2 shows ØPAL and highlights the two instruments
of interest here: the Arctic High Spectral Resolution Lidar
(AHSRL) and the Millimeter-wave Cloud Radar (MMCR).
The instruments are housed in climate-controlled shipping
containers which are powered by a diesel generating station
that is 215m to the south. The measurements from each in-
strument are transmitted from Eureka by satellite link, and
Atmos. Chem. Phys., 9, 6881–6897, 2009 www.atmos-chem-phys.net/9/6881/2009/L. Bourdages et al.: High Arctic tropospheric particles in winter 6883
Table 1. Instrument complement and measurement capabilities at ØPAL.
Instrument Measurements
Arctic High Spectral Resolution lidar (AHSRL) Particle optical properties including depo-
larization
Millimeter-wave Cloud Radar (MMCR) Cloud reﬂectivity and Doppler velocity
Atmospheric Emitted Radiance Interferometer
(AERI)
Zenith infrared spectral radiances
CANDAC Raman Lidar (CRL) Particle optical properties, temperatures
and water vapor
Tropospheric Ozone Lidar Ozone concentration
Microwave Radiometer Water vapor column
CIMEL Sun photometer Aerosol optical depth and column size dis-
tribution
Star photometer Aerosol optical depth
are archived by CANDAC. Data from both the AHSRL and
MMCR can be accessed through the University of Wiscon-
sin’s lidar group web site: http://lidar.ssec.wisc.edu/.
2.2 Arctic High Spectral Resolution Lidar
The Arctic High Spectral Resolution Lidar (AHSRL) was
developed at the University of Wisconsin and is supported
at PEARL by NOAA’s SEARCH program. It has col-
lected quasi-continuous data at Eureka from August 2005
to present, with occasional down time due to maintenance
requirements. The instrument is an Internet appliance de-
signed for unattended operation. Technical speciﬁcations for
the AHSRL are presented in Table 2.
The transmitter consists of a frequency-doubled diode-
pumped Nd:YAG laser emitting at a 4kHz repetition rate and
532nm wavelength. The laser is seeded and locked using an
iodine vapour cell so that the frequency of the light is stable
and the line width is narrow. The outgoing beam is circu-
larly polarized and is transmitted at a 4◦ zenith angle to avoid
specular reﬂections from horizontally-oriented ice crystals.
A 40cm telescope is used by both the transmitter and re-
ceiver. The receiver’s 45µrad ﬁeld of view signiﬁcantly re-
duces the background light level and contributions from mul-
tiple scattering. Incoming photons are separated according
to polarization state, and are ﬁltered using a 0.35-nm band-
pass interference ﬁlter and a 8-GHz bandpass pressure-tuned
etalon. Signal detection is performed using Geiger-mode
avalanche photodiodes and photon-counting electronics. Ad-
ditionaltechnicaldetailsaregivenbyRazenkov et al. (2002).
The lidar measures the particle backscatter cross-section
(βlidar) and circular depolarization ratio (δ). The depolar-
ization may be used to differentiate between spherical liq-
Fig. 2. A photograph of the Zero-altitude PEARL Auxiliary Labo-
ratory (ØPAL) with pointers to the Arctic High Spectral Resolution
Lidar (AHSRL) and Millimeter-wave Cloud Radar (MMCR) loca-
tions.
uid droplets and crystalline particles, which have low and
high depolarization values, respectively (e.g., see Intrieri and
Shupe, 2004). Appropriate thresholds for the interpretation
are established in this study.
The AHSRL data employs 2.5s temporal and 7.5m spa-
tial resolutions and can measure volume backscatter cross-
section proﬁles up to an optical depth of approximately 4,
beyond which the transmitted beam is too attenuated. In this
work, 30s and 15m averaged measurements are used. The
standard deviation for each average (determined from the in-
trinsic resolution data) is employed to ﬁlter out data with ex-
cessive atmospheric variability or noise.
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Table 2. AHSRL speciﬁcations.
Transmitter
Type Diode-pumped seeded Nd:YAG laser
Wavelength 532nm
Avg. power 200mW
Spectral width <1pm
Rep. Rate 4kHz
Beam diameter 0.4m
Receiver
Field of view 45µrad
Spectral bandpass 8GHz pressure tuned etalon
Aperture 0.4m
Data acquisition Photon counting
Detectors Geiger-mode APDs
Spatial resolution 7.5m
Temporal resolution 2.5s
Range 75−30000m
2.3 Millimeter-Wave Cloud Radar
CANDAC’s Millimeter-wave Cloud Radar (MMCR) is co-
located with the AHSRL. This type of radar is effective for
cloud microphysics studies because it combines high sensi-
tivity and high vertical spatial resolution. With a wavelength
of 8.6mm, the scattering from atmospheric particles is in the
Rayleigh regime and thus has a strong dependence on the
particle size.
Compared to wind proﬁling and precipitation surveillance
radars (wavelengths from 3 to 600cm), millimeter wave-
length radars have the advantage of increased sensitivity to
smaller particles, but the disadvantage of strong attenuation
from rainfall. This disadvantage is not relevant during the
cold High Arctic winter since the only precipitation is frozen.
Snowfall and ice crystals attenuate the radar signal mini-
mally. Water vapor also has negligible impact since the win-
tertime Arctic atmosphere is relatively dry.
The MMCR has been collecting data since August 2005
and is designed for remote operation with an intended life-
time of at least 10 years. It provides information on Doppler
velocity, spectral width and radar reﬂectivity. The latter can
be related to the backscattering cross-section of the atmo-
spheric particles, which allows direct comparison with the
AHSRL backscatter measurements.
Technical speciﬁcations for the MMCR are given in Ta-
ble 3. The general setup of the system is similar to that of the
lidar with a coaxial, vertically pointing transmitter and re-
ceiver. The instrument employs a frequency converter which
produces 34.86GHz microwaves from the internal 60MHz-
frequency waveforms. Pulses are emitted vertically by a
2m diameter high-gain antenna. The antenna also acts as
the receiving apparatus. The measured return signal is con-
verted to 60MHz frequency and analyzed by a commercial
Table 3. Millimeter-wave Cloud Radar (MMCR) speciﬁcations.
Transmitter
Type Travelling wave tube
Lifetime >20000h
Wavelength 8.6mm (Frequency=34.86GHz)
Avg. power up to 25W
Beam width 0.3◦
Receiver
Type Tilted ﬂat radome Antenna
Diameter 1.8m
Sensitivity approx. −40dBZ at 10km
Spatial resolution 90m
Temporal resolution 10s
Range 90–20000m
data system from NOAA. Doppler velocities and reﬂectiv-
ity/backscatter cross-sections are retrieved.
The millimeter-wave pulses can be compressed to improve
the instrument’s sensitivity and power. This has the disad-
vantage of creating sidelobe artifacts, especially in regions
where reﬂectivity is strong. In order to get the best data prod-
uct possible, the MMCR cycles through four signal acquisi-
tion modes with different pulse width and pulse-encoding.
Combination of these modes allows for optimization of the
signal through increased sensitivity while accounting for the
artifacts. Details are given by Moran et al. (1998).
The MMCR measures reﬂectivity from 90m to 20km in
altitude, and is sensitive to volume backscatter cross-sections
greater than 10−14 m−1sr−1. Data are recorded with a tem-
poral and spatial resolution of 10s and 90m, respectively.
For the purposes of this study, the data are interpolated to the
same resolutions used by the averaged lidar measurements
(30s and 15m).
3 Methodology
3.1 Categorization process and statistical analysis
Particle observations in the measurement record were visu-
ally divided into four categories based upon the identiﬁcation
of structural features in time and height with some attention
to optical properties. Visual inspection was used because it
is normally straight-forward to identify features “by eye” and
also because the elimination of category cross-contamination
is required. Scattering events that could not be readily iden-
tiﬁed were excluded from further analysis. The approach is
illustrated below using the example measurement given in
Fig. 3. Following particle classiﬁcation, the statistics of scat-
tering properties in each category are determined and com-
pared with the same statistics for the entire measurement
record.
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Fig. 3. Example of time series from 4 to 5 March 2007 of (a) depolarization, (b) lidar volume backscatter cross-section, and (c) radar
backscatter cross-section.
Figure 3 shows a sample 24h measurement on 4–
5 March 2007 from the AHSRL and MMCR, selected from
the hundreds of such measurements used in this study. The
image reveals clouds and aerosols that are well-observed
throughout their entire vertical extent. Such complete view-
ingrequirestheopticaldepthtoberelativelylow(.2), which
is generally the case at Eureka during winter. Clouds in the
other seasons often have greater liquid water content and so
are more optically thick.
From 14:00 to 24:00 UTC, ice crystals (high backscatter,
high depolarization) were detected in the lowest 0.5km by
both the radar and the lidar. Surface-based ice crystals are
frequently observed, and are readily distinguished from the
other ice crystal types; see Lesins et al. (2009a) for some
case studies. Ice clouds (high backscatter, high depolariza-
tion) with vertically-aligned fall streaks were present in the
middletropospherefromapproximately16:00to08:00UTC,
and ended by precipitating to the surface. These cirrus-like
clouds occur in the same temperature range (approximately
210–250K) found in the upper half of the midlatitude tro-
posphere. An aerosol event (low backscatter, low depolar-
ization) between 1 and 4km altitude began at 03:00 UTC,
and can be distinguished from ice clouds by the horizontally-
aligned striations, or sometimes homogenous haze-like char-
acter. Note that the aerosol event is largely unseen by the
radar, as aerosols are relatively weak scatterers in compar-
ison to clouds. A mixed-phase cloud appeared within the
aerosol layer at approximately 10:00 UTC and persisted
through the end of the measurement. “Mixed-phase” is the
term used to describe a geometrically thin water cloud with
ice precipitation below. The water component is identiﬁed by
enhanced lidar backscatter with low depolarization, whereas
the ice precipitate has high depolarization and vertically-
aligned fall streaks. The altitude of the thin water cloud cor-
responds to the top of the inversion layer as measured by the
12:00 UTC radiosonde (not shown). Ice clouds were seen
again above 4km from 09:00 to 14:00 UTC, with similar
character as before. Noise is evident at the upper altitudes
in the depolarization ratio measurement between 23:00 and
03:00 UTC, and to a lesser extent in the backscatter cross-
section measured by the lidar. Such noise is removed from
further analysis by a ﬁltering process described later.
As in the example, scattering events from all measure-
ments in the three complete winters between 2005 and
2008 were visually partitioned into the same four categories:
aerosols, mixed-phase clouds, ice clouds and boundary-layer
ice crystals. The categories were determined after careful
consideration of the entire measurement record. “Boundary
layer” here refers to the lowest few kilometers of troposphere
inﬂuenced by the thermal inversion. No distinction is made
between a cloud and its precipitate.
Events identiﬁed on each image were visually selected us-
ing a mask with 1km vertical and 1h time resolution. The
low resolution used for the mask was deliberate, and ensures
that there is enough vertical distance and time gap between
different events to avoid cross-contamination. For exam-
ple, cases with mixtures of different ice crystal types (e.g.,
precipitation into boundary-layer ice crystals) were removed
from the analysis. Mixtures with aerosol particles, however,
were always included. Aerosol events are very common and,
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more importantly, the presence of aerosols is difﬁcult to as-
certain when other atmospheric phenomena (e.g., blowing
snow residuals, ice crystal precipitation) are present. Finally,
mixed-phase clouds that were observed to fully glaciate were
not re-interpreted as boundary-layer ice crystal events.
The lidar and radar data were ﬁltered to ensure low at-
mospheric variability and noise within an averaging volume.
The lidar data were used to establish the ﬁltering criterion for
both instruments given the lidar’s higher intrinsic spatial and
temporal resolution. Measurements in an averaging volume
with a relative standard deviation in the 532nm backscatter
cross-section greater than 25% were excluded from further
analysis.
The individual high-resolution data points (i.e., averaging
volumes) of measurements in each collection were then used
to compile two-dimensional histograms of scattering proper-
ties. It is from the histograms that the particle statistics are
determined. All histograms were normalized so that the total
probability is one. Histograms with logarithmic horizontal
axes have uniform bin sizes in the logarithmic space so that
scattering at the full range of available scales is represented.
3.2 The colour ratio
The ratio of the radar and lidar volume backscatter cross-
sections gives the colour ratio, a derived quantity that is is a
proxy for particle size (see Sect. 3.3). The volume backscat-
ter cross-section (β) is related to the particle backscatter
cross-section σπ(r) and number density n(r) of particles
with radius r by
β =
Z ∞
0
σπndr.
The mean particle cross section σπ is deﬁned by
σπ =
R ∞
0 σπndr
R ∞
0 ndr
and the total number of particles N is
N =
Z ∞
0
ndr.
Using these, the volume backscatter cross-section can be re-
written as
β = Nσπ
The backscatter cross-section depends on wavelength and
so is different for the lidar and the radar. Taking the ratio
between the two backscatter cross-sections gives the colour
ratio as
βradar
βlidar
=
Nσπ(λradar)
Nσπ(λlidar)
=
σπ(λradar)
σπ(λlidar)
. (1)
Equation (1) has no explicit dependence on number density,
and so colour ratio is an average property for particles in a
measurement volume.
Practical application of Eq. (1) requires that βradar and
βlidar exceed the minimum thresholds of detection for each
instrument. Figure 3 demonstrates that this requirement is
not satisﬁed for aerosols, which are generally invisible to the
radar. The radar’s insensitivity to very small particles fol-
lows from Fig. 3b, which shows a maximum lidar volume
backscatter cross-section for aerosols is 10−5 m−1sr−1. Us-
ing Mie theory (see Sect. 3.3), the colour ratio for the sub-
micron particles in Arctic haze (e.g., Leaitch et al., 1989) is
about10−12, leadingtoanexpectedradarvolumebackscatter
cross-section of 10−17 m−1 sr−1. This is three orders of mag-
nitudelessthantheedgeofdetectabilitybytheradar. Inother
words, the aerosol cloud concentrations would need to be at
least 1000 times greater than the maximum observed under
normal circumstances to be seen by the radar. Since aerosol
particles cannot be detected with both instruments, an inter-
pretation in terms of particle size is not possible. Aerosols
will, however, continue to be considered in terms of opti-
cal scattering properties and their potential for mixing with
other scatterer types. Note that although there are similar de-
tectability issues for polar cloud particles with the CloudSat
radar and CALIPSO lidar satellite instruments (e.g., Grenier
et al., 2009), Fig. 3 suggests that is not the case here.
Figure 4 shows the colour ratio for the measurement given
in Fig. 3. The colour ratio measurement reveals substan-
tial temporal and spatial structure. For mid-tropospheric ice
clouds, fall streaks with relatively large particle sizes (i.e.,
colour ratios) are apparent. Of particular interest is that the
particles are often larger near cloud bottom, an observation
that is established statistically in Sect. 5.2.1. Note that the
aerosol event that occurred between 2 and 4km altitude after
03:00 UTC is largely absent.
3.3 Particle effective radius and interpretation
Mie scattering theory can be used to convert the colour ratio
to spherical particle effective radius reff deﬁned by
reff =
R ∞
0 n(r)r3dr
R ∞
0 n(r)r2dr
where r is the radius, and n(r) is the number density. The
interpretation of effective radius in terms of actual particle
dimensions will be discussed shortly. We employed the algo-
rithms from Mishchenko et al. (2002) to determine mean par-
ticle backscatter cross-sections σπ for distributions of spher-
ical particles characterized by reff and effective variance veff
given by
veff =
R ∞
0 n(r)(r − reff)2r2dr
r2
eff
R ∞
0 n(r)r2dr
.
The effective radius and variance are used in our analysis be-
cause the results for colour ratio are relatively insensitive to
the speciﬁc distribution of particles used. For example, al-
though our calculations have assumed a gamma distribution
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Fig. 4. The colour ratio (βradar/βlidar) for the measurement in Fig. 3.
of particles, we have veriﬁed that a modiﬁed power-law dis-
tribution with the same parameters produces similar results.
The parameters required for the Mie calculations include
the particle refractive index and the wavelength of the inci-
dent light. Table 5 gives the choices used in this study. The
refractive index ni is wavelength dependent, and in the case
of radar waves has a large imaginary part for water droplets
which implies a strong absorption component.
Figure 5 presents the results of the Mie computations.
Curves are given for ice and water particles for a selection
of veff values. The plot allows conversion of colour ratios to
effective radii ranging from 1 to more than 100microns once
a choice of particle type and veff is made.
The particle effective radii discussed hereafter were com-
puted using veff=0.1. This choice of effective variance
is relatively narrow and produces colour ratio curves that
smoothly interpolate those obtained with monodisperse dis-
tributions. The choice of narrow distributions is appropriate
given the high spatial and temporal resolutions in use, and
the corresponding high degree of variability revealed in the
colour ratios of Fig. 4. In the case that the actual distribu-
tions have greater effective variance, say 0.3, the maximum
systematic error expected in our effective radius estimates is
less than +25%.
Computations may also be performed for non-spherical
particles, but were not pursued here because we have no in-
formation on particle habit. Depolarization cannot be used as
an unambiguous detector of ice particle shape, and so the in-
corporation of depolarization into the present analysis is not
possible. Furthermore, the range of particle morphologies in
ice clouds is varied and rarely pristine (Korolev et al., 1999),
and so choosing any one particle type is arbitrary.
Instead, we focus on the interpretation of effective radius
measurements in terms of observed particle shapes. Mahesh
et al. (2001) demonstrated that effective radii determined
Fig. 5. The relationship between effective radius and colour ratio
determined using Mie scattering theory for ice and water spheres.
from infrared remote sensing agree with radii for equivalent
volume-to-area(V/A)spheresfromsampledicecrystals. Ina
series of papers, Grenfell et al. (1999), Neshyba et al. (2003)
and Grenfell et al. (2005) showed that the equal-V/A sphere
diameter is characteristic of the smallest dimension for a va-
riety of realistic particle types. For example, the equal-V/A
diameter is comparable to a column particle’s width rather
than its length. They also argued that the equal-V/A radius is
of high importance for radiative transfer. In the comparisons
that follow, we will therefore consider our effective radius
determination to be associated with the smallest particle di-
mension.
Our approach differs from some others found in the liter-
ature, and takes advantage of the unique capabilities of the
AHSRL and MMCR in a low optical depth and dry envi-
ronment. More complicated methods are necessary when
the backscatter cross-sections cannot be so directly measured
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(see Donovan et al. (2001), for example). Alternative deriva-
tions of particle sizes can be made in terms of cloud extinc-
tion using the Raman lidar technique (e.g., Wang and Sassen,
2002), but much longer integrations are required to achieve
an appropriate signal-to-noise level, and so they are not of
interest here.
4 Results
4.1 2005–2008 Data set
Figure 6 shows two-dimensional histograms of occurrence
probability against scattering parameters and altitude for the
full data set spanning the wintertime months of December
through March of 2005 to 2008. 7772h of measurements
over 351 days were used. The distributions contain the sig-
natures of liquid water droplets, aerosols, ice crystals, and
particle mixtures. Dissimilar scatterers occupy separate re-
gions in each histogram, as will be shown using the catego-
rized data sets. The full histograms can be used to determine
the relative contribution from each scatterer type.
Figure 6a shows the probabilities for depolarization
against altitude. There are features in the distribution found
below 10% and above 20% linear depolarization, which
correspond to predominantly liquid and ice scatterers, re-
spectively. Ice scatterers extend from the ground up to at
least 8km in altitude. Liquid scatterers are mostly found
near the ground, except for a small population peaking near
2km altitude with linear depolarization less than 3%. The
near-ground low-depolarization events are associated with
aerosols, and the linear depolarizations less than 3% repre-
sent droplets in thin water clouds, as will be shown in the
sections that follow.
Figure 6b shows the probabilities for colour ratio (a proxy
for particle size) against altitude. There is a trend toward
smaller particles (i.e., smaller βradar/βlidar) with increasing
height. Figure 6c shows the probabilities for colour ratio
against depolarization. The strong maximum between 15
and 50% linear depolarization is due to ice scatterers, and
the low-depolarization “tail” (below 10%) is for mostly liq-
uid scatterers. Notice that ice scatterers (high depolarization)
are larger than the liquid scatterers (low depolarization).
Figure 7 shows separate histograms for each category in
columns: Aerosols, mixed-phase clouds, ice clouds, and
boundary-layer ice crystals. Each category is discussed in
respective subsections that follow.
4.2 Aerosols
1199h of measurements over 103 days were categorized as
aerosol scattering. Before analyzing the histograms in Fig. 7,
we brieﬂy consider Fig. 8 which provides a histogram for
aerosols using all available detections by the lidar. Aerosols
are observed to occur mostly below 2 or 3km in altitude,
with depolarization values ranging from 0 to 20 or 30%. The
Fig. 6. Average occurrence probability histograms during winter
(2005–2008) for (a) the vertical distribution of depolarization, (b)
the vertical distribution of the colour ratio, and (c) the colour ra-
tio and depolarization. Detections by both lidar and radar were re-
quired.
larger depolarization values are due to the presence of ice
crystals. Vertical discontinuities in the ﬁgure are an artifact
of the categorization process, which used 1km resolution.
Figure 7a provides histograms using the subset of aerosol
measurements for which both lidar and radar detections are
available. Since aerosols are nearly ubiquitous in the Arctic
atmosphere, distributions in this column will help to iden-
tify aerosol contamination in the ice particle categories. Al-
though aerosols are generally not detected by the radar, the
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Fig. 7. Occurrence probability histograms arranged in columns for (a) aerosols, (b) mixed-phase clouds,
(c) ice clouds, and (d) boundary-layer ice crystals. Detections by both lidar and radar were required.
40
Fig. 7. Occurrence probability histograms arranged in columns for (a) aerosols, (b) mixed-phase clouds, (c) ice clouds, and (d) boundary-
layer ice crystals. Detections by both lidar and radar were required.
presence of a small quantity of ice crystals can easily elevate
the backscatter cross-section above the detection threshold.
Ice crystals are relatively large, and radar reﬂectivity is pro-
portional to the sixth power of individual particle diameters.
In the case of particle size distributions, empirical relations
show reﬂectivity is proportional to the 3.8th power of the me-
dian volume diameter (Brown and Francis, 1995; Matrosov
et al., 2002). In any event, relatively few ice crystals can add
substantially to the aerosol backscatter.
The top panel of Fig. 7a shows most of the dual lidar-radar
aerosol detections occur near ground. This is different from
what is seen in Fig. 8, and reﬂects the fact that ice scatterers
are also ubiquitous at the lowest altitudes. Fewer detections
were made higher up, and the coarseness of the distribution
reﬂects low-probability statistics. Surface-based aerosols
have linear depolarization between 0 and 20%, which is sim-
ilar to that seen in Fig. 7. Relatively high depolarizations
away from the surface indicate a dominant contribution from
ice crystals.
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Fig. 7. Continued.
The middle panel of Fig. 7a indicates that aerosol contami-
nation of the other plots in Fig. 7 can be expected primarily at
the surface. Similarly, the lower panel indicates that aerosol
contamination for depolarizations below 10% and for colour
ratios between 10−8 and 10−7 will be an issue. This corre-
sponds to the “tail” region mentioned in the description of
Fig. 6. Note that depolarization values larger than 10% in the
bottom panel of Fig. 7a are representative of ice scattering,
and so would not be considered a contamination in the other
columns.
4.3 Mixed-phase clouds
894h of measurements over 86 days were used to compile
the histograms for mixed-phase clouds shown in Fig. 7b. The
distinction between water droplets and ice crystals is evident
in the top panel, which shows the depolarization versus al-
titude. Near-zero values of depolarization extending from
500m to 3.5km in altitude are due to droplets in thin wa-
ter clouds. High linear depolarizations of 20 to 50% are
from the frozen condensate, and are found largely below
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Fig. 8. Occurrence probability histogram for aerosols against height
and depolarization, using all available lidar detections. The step
changes apparent in the ﬁgure at 1 km intervals are a result of the
event masking process, and cannot be eliminated due to the ubiquity
of aerosols in the Arctic atmosphere.
the liquid component heights as would be expected for pre-
cipitate. There is a region of intermediate linear depolar-
ization between 3 and 20% which corresponds to the tran-
sition region from liquid to ice. The local maximum near
ground at 10% depolarization represents a contribution from
the aerosols, as established in the top panel of Fig. 7a.
The vertical distribution of probabilities against colour ra-
tio in the middle panel has horizontal streaks for colour ratios
between10−9 and10−6 whicharefromthethinwaterclouds.
The dominant scattering maximum is for ice crystals, which
at high colour ratio have much larger sizes than the water
droplets. Note that the population has constant colour ra-
tio with height, which indicates uniform size. The bottom
panel, which presents the probabilities against the depolar-
ization and colour ratios, conﬁrms the size comparison be-
tween the two scatterer types. The water droplet population
(linear depolarization <3%) has much smaller colour ratio
values compared to the ice crystal populations (linear depo-
larization with the greatest part between 20 and 50%). There
is a transition region between the two peaks which can be
attributed to the phase change from water to ice.
4.4 Ice clouds
1424h of measurements over 134 days were used to com-
pute the histograms for ice clouds given in Fig. 7c. The
top panel shows that linear depolarizations range from about
15 to 45%. The mean linear depolarization decreases with
height, from approximately 40% at 2km to 25% at 5km al-
titude. Note that horizontal discontinuities at 1 and 2km al-
titude in this panel are an artifact of the selection process
resolution described earlier.
In the middle panel, the mean colour ratio decreases with
height. Thisindicatesadecreaseofmeanicecrystalsizewith
Fig. 9. Occurrence probability histograms for ice clouds against
altitude and depolarization for (a) small particles (colour ratios
<10−7), and (b) large particles (colour ratios >10−5).
height, which is similar to the depolarization trend. Decreas-
ing colour ratio with height is also evident in the example
given in Fig. 4. It is interesting to note that small ice par-
ticles are evident in approximately equal quantities between
3 and 8km altitude. A low colour-ratio contribution from
aerosols below 1km is apparent.
The bottom panel gives the probabilities against depolar-
ization and colour ratio. The tail at low depolarization ex-
tending from the main population is due to aerosols. Al-
though the upper two panels might suggest that depolariza-
tion is a function of particle size, the bottom panel indicates
that this is not the case. Small ice crystals tend to have high
depolarization (40%–50%), whereas larger particles span a
wide range of depolarization values.
Separate histograms against depolarization and altitude
for small and large ice crystal sub-populations are given in
Fig. 9. The low-depolarization detections in Fig. 9a represent
a contribution from aerosols. The modal depolarization for
small ice particles is fairly constant with altitude, although
the range of depolarization values become larger with height.
This contrasts with large particles that have decreasing depo-
larization with height (Fig. 9b). The same trend is evident
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when particles of all sizes are included (Fig. 7c, top panel).
Further comparison of Fig. 9a and b reveals that small ice
particles tend to depolarize more than large ones at a given
altitude. This result conﬁrms that decreasing depolarization
with height cannot be associated with decreasing size.
4.5 Boundary-layer ice crystals
1338h of measurements over 107 days were used to compute
the histograms for boundary layer ice clouds. Results are
shown in Fig. 7d. The top panel shows that ice crystals are
observed mostly below 750m altitude. The depolarization
spans a large range, including values too low to indicate solid
phase. The low-depolarization values are attributed to the
presence of aerosols.
The middle panel shows colour ratios that are in the same
range as determined for aerosol layers only (Fig. 7a). The
calculations were performed again considering data with de-
polarization values greater than 25% (i.e., ice crystals only),
and a very similar plot was obtained. This conﬁrms that the
colour ratio values determined for aerosols (Fig. 7a) are bi-
ased by the ice crystals contained within. The bottom panel
shows that there is no trend in depolarization with colour ra-
tio, except for at very low depolarization where an aerosol
tail is apparent.
5 Discussion
5.1 Scattering properties
Comparison of the histograms in Figs. 7 and 8 for the dif-
ferent particle types reveals signiﬁcant differences in colour
ratios, optical properties and vertical distribution. However,
inspection of the ﬁgures also shows that their superposition
effectively reproduces the histograms for the complete data
set given in Fig. 6. We can conclude that the most important
scatterers above Eureka are well represented by the chosen
categories, and that Fig. 6 gives their relative contribution to
scattering.
Representative values of properties taken from the his-
tograms for each category are given in Table 4, with effec-
tive radius estimates deriving from the appropriate curves in
Fig. 5. The values represent estimates corresponding to 10%
of the peak level or greater in each histogram. The estimates
were obtained visually from each panel because interpreta-
tion to account for height variations and interference from
aerosols is required.
The largest particles observed above Eureka are contained
in lower-tropospheric ice clouds and the precipitation from
mixed-phase clouds. Ice particles in the middle to upper tro-
posphere are somewhat smaller, and boundary-layer ice crys-
talsaresmalleryet. Waterdropletsinmixed-phasecloudsare
in general smaller than ice particles, as expected. The size of
aerosol particles could not be determined because they are
not detected by the radar.
Table 4. Ranges for linear depolarization δlin, colour ratio, effective
radius reff and altitudes z for aerosols, mixed-phase (M-P) cloud
water droplets (WD) and ice crystals (IC), ice cloud ice crystals, and
boundary-layer (B-L) ice crystals. The ice crystal and water droplet
values are from Fig. 7 and the aerosol values are from Fig. 8.
Particle δlin (%) colour ratio reff (µm) z (km)
Aerosols <20 <3km
M-P Cloud WD <3 10−9−10−6 5−40 0.5–3.5
M-P Cloud IC 20–50 10−6−10−3 40−220 0–3
Ice Cloud IC 20–50 10−7−10−4 25−120 >3.5
10−6−10−3 40−220 <3.5
B-L IC >20 10−8−10−5 15−70 <0.7
Table 5. Values for wavelengths (λ) and complex refractive indices
(ni) used in the Mie scattering computations for the lidar and radar.
Refractive indices are from Warren and Brandt (2008).
Lidar Radar
λ 532nm 8.6mm
ni(ice) 1.31 1.8+0.0003i
ni(water) 1.33 5+2.5i
Water droplets have linear depolarizations less than 3%.
Aerosol haze typically has linear depolarization less than
20%, whichisdifferentfromwhatisfoundforliquiddroplets
alone due to ice content. Ice crystals have linear depolariza-
tions greater than 20%. Water droplets have lower colour
ratios than do ice crystals, which indicates the water droplets
are smaller. Boundary-layer ice crystals, ice clouds, and ice
precipitation from thin water clouds occupy partly overlap-
ping ranges of colour ratio values. Ice crystals precipitating
from mixed-phase clouds and lower tropospheric ice clouds
generally have greater colour ratios (and therefore sizes) than
are observed for boundary-layer ice crystals. Middle tropo-
spheric ice particles have comparable colour ratios to those
found in the boundary layer.
Ice clouds have depolarization decreasing with altitude
(Fig. 7c, top panel). This trend is associated with large par-
ticles (Fig. 9b), and contrasts with the nearly constant modal
depolarization for small particles (Fig. 9a). The measure-
ments indicate that the large-particle morphology changes
with altitude, perhaps in response to particle breaking or sub-
limation (see, for example, Whiteway et al. (2004). Small
particles have greater depolarization than large particles, for
unknown reasons.
5.2 Comparisons with other measurements
5.2.1 Particle effective radii
Comparison of our measurements with values from the
literature is complicated by differences in measurement
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techniques. We have provided histograms of occurrence
probability for effective radii measured at high spatial and
temporal resolution, whereas in-situ measurements typically
provide distributions of number concentration against par-
ticle size averaged over a long period of time or distance.
However, if our assumption of narrow particle size distribu-
tions in each measurement volume is correct, a comparison
of effective radii measured using the radar and lidar against
the range of particle sizes observed with in-situ techniques
is appropriate. Where possible, comparisons are made with
the smallest dimension of the sampled particles, which is the
approach proposed in Sect. 3.3.
For mixed-phase clouds, Arctic aircraft measurements by
Curry et al. (2000) show water droplet sizes that range from
about 2 to 47µm. Frozen precipitation below the liquid stra-
tus ranges from a few tens to several hundred microns in
length (widths were not given). Although the measurements
were taken during summer between Barrow, Alaska (71.3◦N)
and the SHEBA experiment site (76–78◦N), their results are
in reasonable agreement with our values at Eureka (80◦N) of
5 to 40µm and 40 to 220µm, respectively. The smaller max-
imum size we measured for ice crystals can be attributed to
the sensitivity of our technique to particle widths rather than
lengths. Year-round measurements of water droplet and ice
particle precipitation with an MMCR at the NSA-AAO site
near Barrow yield characteristic radii of 25 to 500µm from
terminal fall speeds (Zhao and Garrett, 2008), and our ice
crystal sizes fall within this range.
Comparison data for the ice cloud measurements are difﬁ-
cult to ﬁnd. Wintertime in-situ aircraft campaign data are not
available, presumably due to the difﬁculties of ﬂying exper-
iments in dark conditions. Summertime clouds in the mid-
dle troposphere are often of the mixed-phase variety, and are
observed in much warmer conditions. High altitude in-situ
cirrus measurements in the Arctic are not available.
Lawson et al. (2001) show one case of a mid-tropospheric
cirrus cloud sampled at Barrow Alaska on 29 July 1998 dur-
ing FIRE ACE. They reported that small particles were found
in clumps with very high local concentrations that are inter-
spersed with regions of larger particles in low concentrations.
This is consistent with the structured ice clouds seen at Eu-
reka and illustrated by the example in Fig. 4, and justiﬁes our
use of relatively narrow particle size distributions. Their in-
situ measurements revealed particles ranging from less than
10 to hundreds of microns, which is consistent with our mea-
sured values of 25 to 220µm.
A comparison can also be made with mid-latitude cirrus,
which are observed at temperatures similar to the wintertime
Arctic mid-troposphere. Aircraft sampling of mid-latitude
cirrus by Whiteway et al. (2004) revealed particle sizes rang-
ing from less than 10 to a few hundred microns. Radar/lidar
inversions by Donovan and van Lammeren (2002) also yield
effective particle sizes up to a few hundred microns in ra-
dius. They showed that mid-latitude cirrus have effective ra-
dius increasing with increasing temperature, which is con-
sistent with our observations of decreasing size with increas-
ing height above the temperature inversion. Whiteway et al.
(2004)showedthatparticlesizevariationswithheightarede-
termined by a competition between the growth and sedimen-
tation of large particles with crystal breakage into smaller
particles and evaporation. The preponderance of larger crys-
tals at low altitudes in our observations is therefore likely due
to growth and/or sedimentation.
Turner (2005) measured crystal sizes in both mixed-phase
and pure ice clouds using a ground-based remote-sensing
AERI system at the SHEBA site. The effective radii for ice
cloud particles ranged between 8 and 100µm, with a mode
radiusofabout26µm. Thisisatthelowerendofwhatweob-
served (25–220 µm). Effective radii for ice crystals in mixed-
phase clouds were even smaller. This was not considered to
be realistic, and was attributed by the authors to differing
particle shapes between the two cloud types. They assumed
a droxtalhexcolumns model in their retrievals; however, ice
crystals in Arctic clouds are known to be highly irregular
(Korolev et al., 1999). It seems likely that the smaller crystal
size they detected in general is due to the particle-shape as-
sumption. In any event, our results suggest that the effective
radii of ice crystals in mixed-phase and boundary-layer ice
clouds are similar (40–220µm).
Surface-based in-situ measurements of ice crystal sizes for
residual blowing snow are not available for the High Arctic.
Walden et al. (2003) obtained measurements with a micro-
scope at the South Pole station of many different ice crys-
tal types during winter. They showed that residual blowing
snow crystals have a mean effective radius of 11.9µm . Their
technique relied on ice crystals landing on a gridded micro-
scope slide, and the larger particles were found to blow off in
high winds. Given that blowing snow requires wind, it seems
likely that there is a bias toward smaller particle sizes in this
particular result. Measurements at the Mizuho Antarctic sta-
tion with a snow particle counter, which is only sensitive to
particles larger than 25µm diameter, reveals blowing snow
particles as large as 60µm at 9.6m altitude, with even larger
ones at lower altitudes (Nishimura and Nemoto, 2005). In
contrast, the mean effective radius for diamond dust at South
Pole Station is 12.2µm and presumably unbiased. Mahesh et
al. (2001) showed excellent agreement between remote sens-
ing estimates of small ice crystals and surface-based in-situ
sampling.
Boundary-layer ice crystals measurements at Eureka yield
effective radii (15–70µm), which are more consistent with
blowing snow than diamond dust. It is possible that diamond
dust crystals in the Arctic are larger due to the higher temper-
atures – see, for example, the diamond dust images provided
by Intrieri and Shupe (2004) – but there is very little data
that can be used to properly assess this, and observations are
complicated by the difﬁculty of distinguishing the different
ice crystal sources. The fact that boundary-layer ice crystal
events extend to about the same height as the surrounding to-
pography supports our contention that residual blowing snow
www.atmos-chem-phys.net/9/6881/2009/ Atmos. Chem. Phys., 9, 6881–6897, 20096894 L. Bourdages et al.: High Arctic tropospheric particles in winter
is the source. Boundary-layer ice crystals contribute a sig-
niﬁcant portion of the overall particle burden above Eureka
(Fig. 6). Our measurements suggest that residual blowing
snow lofted from mountainous terrain is likely more impor-
tant to the overall radiative balance than diamond dust. The
radiative impact of blowing snow residuals is explored by
Lesins et al. (2009a).
In-situ samples of ice crystals in the Arctic are rare, and
observations are complicated by contributions to the ice crys-
tal population from the different sources described in this pa-
per. A rigorous study of ice crystals at the surface like that of
Walden et al. (2003) does not exist for the High Arctic, and
should be considered a priority for future research.
5.2.2 Ice crystal altitudes
Boundary-layer ice crystals are found predominantly below
750m altitude, which is comparable to the height of the
mountain ridges near Eureka. Lesins et al. (2009a) showed
four case studies of topographic blowing snow residuals that
share the same vertical distribution. This indicates that blow-
ing snow residuals are the dominant contributor to high op-
tical depth boundary-layer ice crystal populations at Eureka.
Thisresultlikelyextendstootherlandlocationsintherugged
High Arctic.
Ice clouds are observed throughout the troposphere during
winter. At times these ice clouds, which are generated in the
same range of temperatures as cirrus clouds at mid-latitudes,
can precipitate to the ground.
The altitude range for thin water stratus (0.5–3.5km) is
smaller than is observed during other seasons (e.g., Curry et
al., 1996). The wintertime range corresponds with the ob-
served variability for wintertime surface thermal inversion
layer depths given by Lesins et al. (2009b). This suggests
that thin liquid water stratus are connected to the develop-
ment of wintertime surface inversion layers.
It has been known since Wexler (1936) that cold surface
temperatures in the Arctic winter are due to radiative cool-
ing by surface snow and ice. More advanced models of the
radiative transfer process (e.g., Curry, 1983) showed that in
clear air the surface temperatures should be much lower than
is observed, which suggests an important role for particles
in determining boundary layer temperatures. Curry (1983)
proposed a variety of mechanisms that could contribute to
the process. These included the radiative impact of diamond
dust and liquid condensate, and mixing by turbulence. A
role for diamond dust has been discounted by the measure-
ments of Intrieri and Shupe (2004) and Lesins et al. (2009a),
and a role for turbulence has yet to be experimentally inves-
tigated. Our measurements support the contention of Intrieri
and Shupe (2004) that liquid condensate plays an important
role. Although the model of Curry (1983) did not produce
the kind of thin liquid water clouds discussed here, the wa-
ter clouds it simulated suggested the same basic mechanism.
Fig. 10. Classiﬁcation chart for the different atmospheric particles
and their mixtures. The vertical axis shows the linear (left) and
circular (right) depolarizations and the horizontal axis is in terms of
the color ratio βradar/βlidar (bottom) and the particle effective radius
(top) for ice crystals (IC) and water droplets separately. Effective
radii can only be attributed to regions with no aerosol content. The
dash-dot line separates the boundary layer ice crystals on the left
and precipitation from thin water clouds on the right. Ice clouds
span the full region for ice crystals.
Thin water cloud dynamics and microphysics are further ex-
plored by Shupe et al. (2008).
5.2.3 Depolarization
The depolarization of aerosol layers is greater than what is
found for liquid droplets. Hoff (1988) showed that ice crys-
tals are responsible for the elevated depolarizations in Arctic
haze, and we make the same interpretation here.
Figure 9 established that the depolarization of small par-
ticles in ice clouds was greater than for large particles at a
given altitude. High depolarization in contrails, which also
contain very small particles, was found by Sassen (1997).
Young cirrus were shown to have linear depolarization values
in excess of 50%. The reasons for this result was unknown
to Sassen (1997), as is the case here.
5.3 Classiﬁcation chart
The histograms of Fig. 7 reveal that different scatterer
types occupy different regions in particle size-depolarization
space. Figure 10 provides a classiﬁcation chart from the
compiled information. The thresholds are approximate, and
lead to relatively large regions occupied by particle mixtures.
Note that areas with only aerosol particles cannot be inter-
preted in terms of size or colour ratio because the radar’s
sensitivity is too low to detect such small particles.
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The lidar volume backscatter cross-section can be used to
isolate locations where aerosol layers dominate. The range
in lidar volume backscatter cross-section for aerosols is rel-
atively narrow, indicating that variations in sizes and num-
berdensitiesare small. Lidarbackscattercross-sectionsβlidar
that are smaller than 2×10−5 m−1 sr−1 are characteristic of
aerosol layers and this threshold can be used to distinguish
aerosol layers from the mixtures.
In Fig. 10, mixed-phase cloud ice precipitation and
boundary-layer ice crystals occupy distinct regions. Ice
clouds, however, overlap with both. Some differentiation
can be made on the basis of altitude, as shown in Table 4:
small ice crystals below 2km altitude are generally classiﬁed
as boundary-layer ice particles, whereas small ice crystals in
ice clouds are found predominantly higher up. Ice crystals
originating from mixed-phase clouds and ice clouds are in-
distinguishable on this basis.
6 Conclusions
A combined radar-lidar technique was used to study particle
properties in the High Arctic troposphere during winter. Dif-
ferent particle types were compared in terms of depolariza-
tion, colour ratio, effective radius, and vertical distribution.
Colour ratios and effective radii could not be determined for
aerosols because they are not detected by the radar, except in
mixtures.
Particle effective radii determined using Mie scattering
theory are consistent with others found in the literature. Wa-
ter droplets are small (effective radii of a few tens of mi-
crons) while ice particles can be much larger (effective radii
up to a few hundred microns). In the boundary layer, mixed-
phase precipitation and ice cloud snow provide the largest
ice crystals whereas residual blowing snow particles lofted
from mountain ridges are smallest. Ice cloud crystal sizes
have a strong gradient in altitude with the largest particles at
the lowest heights. The size ranges for each particle type are
summarized in Table 4.
Depolarization is highly dependent on the particle type.
Particle scattering dominated by aerosols has linear depo-
larization less than 20%, whereas ice crystals scattering has
linear depolarization greater than 20%. Much of the depo-
larization in aerosol layers likely originates from ice crystals
mixed in. Water droplets, in contrast, have linear depolar-
izations less than 3%. Ice clouds in the middle troposphere
have depolarization decreasing with altitude, and this trend is
reﬂected in the large particle sub-population. Small particles
in ice clouds have greater depolarization than large ones at
any given altitude, and almost constant modal depolarization
with height. The measurements indicate that particle mor-
phology changes with altitude.
Boundary-layer ice crystals contribute signiﬁcantly to the
overall particle burden above Eureka. Their sizes and ob-
served vertical extent indicate that blowing snow residuals
lofted from the surrounding mountainous terrain is a more
likely source than nucleation of diamond dust. Lesins et al.
(2009a) presented case studies that established these blow-
ing snow residuals can have a signiﬁcant radiative impact.
Given that much of the Arctic is similarly mountainous, the
regional impact of blowing snow residuals on the infrared
radiative transfer will need to be assessed.
Thin water layers associated with mixed-phase clouds are
observed from 500m to 3.5km altitude, which is the same
range as is seen for thermal inversion layer depths (Lesins
et al., 2009b). This correlation suggests that mixed-phase
clouds are connected to the development of wintertime ther-
mal inversion layers. Radiative transfer will be very sensitive
to the vertical distribution of water clouds, and these new
data should be taken into account in any future models of
Arctic climate.
A classiﬁcation chart was produced which allows for the
identiﬁcation of ice crystals, aerosols and water droplets
from a combination of depolarization and colour ratio val-
ues. The chart allows a deeper understanding of the particles
found above Eureka’s by associating them with a shape and
size-related parameter.
Future efforts are needed to improve our understanding of
particle microphysics and optical properties. In-situ mea-
surements of particle morphologies are required to under-
stand the relationship between size, shape and depolariza-
tion. This may be partly possible from ground level since
each ice crystal type is observed to precipitate to the surface,
and no comprehensive study of this kind in the Arctic cur-
rently exists. However, there is also need for a wintertime
aircraft campaign for ice particle sampling to resolve some
of the depolarization and particle size issues identiﬁed here.
Such a campaign should be performed in tandem with com-
parisons between different remote sensing techniques in or-
der to form a comprehensive picture of particulates in the
Arctic troposphere.
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